Hybridization generates evolutionary novelty and spreads adaptive variation. By promoting outcrossing, plant self-incompatibility (SI) systems also favor interspecific hybridization because the S locus is under strong negative frequency-dependent balancing selection. This study investigates the SI mating systems of three hybridizing Senecio species with contrasting population histories.
Occasional natural interspecific hybridization is regarded as the rule rather than the exception in plants and is now recognized as an important creative force in plant evolution (Rieseberg et al. 2003; Seehausen 2004; Arnold 2006; Mallett 2007) . However, genomes show heterogeneous introgression rates so that, while some regions of the genome are amenable to introgression, others are resistant. Examples of the latter include regions containing "speciation genes" or chromosomal rearrangements that are deleterious in the genomic background of one or other hybridizing species; such resistant regions typically show greater divergence compared to other regions of the genome (Noor et al. 2001; Wu 2001; Livingstone and Rieseberg 2003; Arnold 2006; Gompert et al. 2012; Nosil and Feder 2012) . Alternatively, genetic variation in one species might be selectively advantageous in another, with these genomic regions showing reduced interspecific divergence (Rieseberg et al. 2003; Martin et al. 2006; Whitney et al. 2006; Castric et al. 2008; Kim et al. 2008; Kane et al. 2009 ). In particular, interspecific gene flow is expected to be enhanced for genetic variation underlying traits that are influenced by balancing selection that favors allelic variation within populations, notable examples of such traits being self-incompatibility (SI) or disease resistance loci (Ding et al. 2007; Castric et al. 2008; Schierup and Vekemans 2008) .
Plant reproductive strategies, including mating system, pollination system, and flowering time all contribute to the likelihood of interspecific hybridization (Cruzan and Arnold 1994; Bradshaw et al. 1998; Gerard et al. 2006) . Adaptations to facilitate outcrossing also increase the frequency of interspecific cross-pollination and hybridization. SI mating systems are a widespread means of promoting outcrossing in higher plants by preventing selffertilization and promoting outcrossing (Hiscock and McInnis 2003; Takayama and Isogai 2005) . Most SI systems display general functional similarities despite a number of different molecular mechanisms due to repeated independent evolution (Hiscock and McInnis 2003; Allen and Hiscock 2008) . The SI locus (S) consists of nonrecombining S haplotypes (hereafter termed "S allele") containing pollen-and pistil-expressed genes that interact in allele-specific manners to cause inhibition of self-pollen. The S locus is typically highly polymorphic because strong negative frequency-dependent balancing selection acts favor new or rare S alleles because they are compatible with a greater proportion of potential mates in a population (Wright 1939; Schierup et al. 1997) . Most SI systems belong to one of two major classes defined by the expression of the pollen S gene. In gametophytic SI (GSI) the S phenotype of pollen is controlled by its haploid genome, whereas in sporophytic SI (SSI) the paternal diploid parent controls the pollen S phenotype (Hiscock and McInnis 2003; Takayama and Isogai 2005) . This difference in the control of the pollen S phenotype leads to differences in function between the two SI systems because in SSI, dominance interactions between S alleles can occur. S allele dominance interactions in SSI permit greater compatibility between related plants (when shared S alleles are recessively expressed) and alter the equilibrium numbers and frequencies of S alleles within populations (Schierup et al. 1997; Vekemans et al. 1998; Billiard et al. 2007; Llaurens et al. 2008; Busch et al. 2012) . Balancing selection at the S locus is predicted to increase effective migration of S alleles between populations (Schierup et al. 1997 (Schierup et al. , 2000 Muirhead 2001 ) and empirical studies have confirmed this prediction (Glémin et al. 2005; Brennan et al. 2006; Stoeckel et al. 2008; Leducq et al. 2011) . This same effect also applies to populations of related SI species that experience even very limited hybridization . For example, a study of closely related Arabidopsis halleri and A. lyrata showed that the S locus was less divergent and had experienced more effective gene flow compared to other genetic loci tested . The enhanced ability of S alleles to cross species barriers probably explains the frequent observation of homologous S allele sequences shared between related species (Dwyer et al. 1991; Sato et al. 2003; Castric and Vekemans 2004; Castric et al. 2008; Joly and Schoen 2011; Tsuchimatsu et al. 2012 ) and the extremely long persistence of S alleles because their survival does not depend on the fate of individual species (Ioerger et al. 1990; Uyenoyama 1995; Igic and Kohn 2001) . This growing awareness of the importance of interspecific interactions in the evolution of SI highlights a need for studies of SI systems among hybridizing species.
Oxford ragwort, Senecio squalidus (Asteraceae), has been studied extensively both in terms of hybrid speciation (James and Abbott 2005; Abbott et al. 2009; Brennan et al. 2009 Brennan et al. , 2012 Hegarty et al. 2009 ) and SSI (Hiscock 2000; Brennan et al. 2002 Brennan et al. , 2006 . It is known that UK S. squalidus is derived from hybrids between S. aethnensis and S. chrysanthemifolius on Mount Etna (Sicily) that were introduced by botanists to Oxford Botanic Garden about 300 years ago (Harris 2002; Abbott et al. 2009 ). The hybrid later established itself in Oxford and, with the advent of the railway network during the industrial revolution, eventually colonized most urban areas in the UK. Invasive S. squalidus is now considered a neo-homoploid species ). Senecio aethnensis grows on Mount Etna, above 2000 m on recent lava flows, whereas S. chrysanthemifolius grows below 1000 m on arable agricultural land and waste ground, and plants at intermediate altitudes form a hybrid zone between the two species (James and Abbott 2005; Brennan et al. 2009 ). All three species are self-incompatible, highly outcrossing, short-lived perennials. Sexual reproduction in S. squalidus is controlled by SSI in accordance with other Asteraceae (Hiscock 2000) . The SSI system of S. squalidus exhibits characteristics consistent with a recent population bottleneck and an invasive population history including (1) relatively few S alleles compared to other wild SSI species, (2) a high frequency of S allele dominance interactions that increases the proportion of compatible mates in populations (mate availability), and (3) the presence of partial selfing ("pseudo-selfcompatibility" [PSC]; Hiscock 2000; Brennan et al. 2002 Brennan et al. , 2006 . However, conclusive evidence that these features of the SI system represent changes to a pre-bottleneck mating system requires direct comparison between S. squalidus and its Sicilian progenitors on Mount Etna. Comparisons between S. squalidus and hybrids on Mount Etna will thus be particularly informative. The genes controlling SSI in Senecio and the Asteraceae more widely are not the same genes as those responsible for SSI in Brassicaceae (Tabah et al. 2004; Allen et al. 2011 ) so sequence-based analysis of S locus polymorphisms are not available for these species. Instead, we take an approach to studying SI involving crossing studies that identifies S alleles on the basis of their functional interactions.
In this study of Senecio, we explore the relationship between hybridization, hybrid speciation, and outcrossing controlled by SI using crossing studies of wild sampled populations of 
CONTROLLED CROSSES AND S ALLELE

IDENTIFICATION
Controlled crosses were performed between pairs of individuals according to Hiscock (2000) . Developing capitulum buds were first enclosed in pollination bags to prevent contamination from cross-pollen. Thereafter, SI was relied upon to prevent selfing as part of controlled crosses because emasculation of the ∼100 tiny florets comprising Senecio capitula is impractical (Hiscock 2000) . common sample size (55 individuals for S. chrysanthemifolius). For controlled reciprocal cross-pollinations, bagged capitula with open florets were gently dusted together, bags were replaced and, after ripening, the number of fruits per crossed capitulum was counted. Reciprocal controlled crosses were repeated, up to three times (six capitula in each cross direction), to determine compatibility and resolve unclear results, in particular to distinguish failed crosses from truly incompatible crosses. Compatibility of crosses was classified according to Brennan et al. (2002) : mean fruits per capitulum of 0-2 were incompatible; >2-10 were indeterminate; and >10 were compatible. Cross-compatibility results within diallels were analyzed according to Brennan et al. (2002) to identify incompatibility groupings. Cross results for different individuals were grouped according to shared incompatibility interactions to form incompatibility blocks or groups corresponding to shared S alleles. S alleles were inferred to be interacting either dominantly or codominantly when individuals belonged to one or two incompatibility groups, respectively.
PRELIMINARY CROSSING EXPERIMENTS
Initial crossing experiments were performed between one individual from each species: BA (S. aethnensis), BC (S. chrysanthemifolius), and BS (S. squalidus), and their reciprocally crossed F 1 hybrid progeny to assess postzygotic barriers to hybridization and SI function in hybrids. Controlled crosses were performed between pairs of individuals within progenies from each paired species combination and between F 1 hybrids and their parents. Approximately half of the possible paired cross combinations of each progeny and parent diallel were performed.
Fruit-set data for all F 1 crosses that were classified as compatible or indeterminate were included in the F 1 hybrid crossfertility analysis. Each cross combination was assigned one of four classes to test the influences of cross direction and parental cytotype on F 1 hybrid cross-fertility. These cross classes were: "like," crosses between progeny with the same maternal and paternal parents; "diff," crosses between progeny with opposite maternal and paternal parents; "back1," backcrosses to the first parent; and "back2," backcrosses to the second parent. Both "back" classes were combined for the S. aethnensis and S. squalidus F 1 progeny to achieve an acceptable minimum of five crosses per class. The cross-fertility response variable was treated as proportional data consisting of cross fruit-set per mean number of ovules to account for differences in numbers of ovules per capitulum between species. Analysis of variance was performed with a logit model and a quasibinomial error distribution suitable for proportional data using R v2.81 (R Core Development Team, 2010) .
Cross-compatibility results for each progeny and parent diallel were also analyzed to identify S allele inheritance and dominance patterns. The relative frequencies and parental identities of S alleles in each diallel were used to infer the dominance relationships of S alleles involved in each parental cross by comparison with predicted progeny S allele frequencies for crosses with different dominance interactions between S alleles (Fig. 1) . Shared parents across each of the three diallels allowed the S allele dominance hierarchy to be determined for S alleles present in all three parental species.
CROSSES TO SURVEY NATURAL S ALLELE DIVERSITY
Following confirmation that SI was not disrupted by interspecific hybridization, further large-scale crossing experiments were performed within and between individuals in all sample populations to assess SI strength and identify S allele diversity. To reduce the large number of reciprocal paired cross combinations required to identify different S alleles and their dominance interactions across many individuals, the following crossing strategy was employed. Firstly, complete diallel crosses of all paired combinations of individuals within one population sample were performed for a sample population each of S. aethnensis, S. chrysanthemifolius, and Sicilian hybrids (PP, C1, and M2, Table 1 ). Following S allele analysis, 20 individuals representing each of the S alleles identified within these initial population samples were chosen as S allele tester individuals for further crossing experiments to cross-classify S alleles between each other and eight additional population samples. These were combined with six additional S. squalidus Ox sample population derived S tester individuals representing six of the S alleles identified and described previously (Brennan et al. 2002) . Additional S. squalidus samples were only crossed with S. squalidus S allele testers, because there is extensive S allele sharing between different UK S. squalidus populations (Brennan et al. 2006) .
Individuals were considered to express already identified S alleles following repeated and confirmed incompatible crosses with one or two S tester plants or to express new S alleles following compatible crosses with all 26 S tester plants. Identification of pistil-or pollen-specific S allele dominance interactions was not attempted for S tester crosses because repeat crosses frequently showed unidirectional cross results to be unreliable indicators of compatibility. In a final round of crossing experiments, 22 individuals representing additional new S alleles (compatible with all 26 initial S tester plants) were crossed in a complete diallel design to cross-classify these S alleles between populations. The S phenotypes of some individuals that were shown to be compatible with all 26 S testers but not cross-classified between populations were classed as "new0." In other cases, when supplementary crosses showed that additional S phenotypes consisted of multiple distinct S alleles within population samples and that these were still incompletely cross-classified between population samples, these S phenotypes were further classed as; "new1," "new2," "new3," etc. (see Table 1 ).
S LOCUS DIVERSITY ESTIMATION
The total numbers of S alleles present within the populations represented by these samples were estimated according to Brennan et al. (2002) using a maximum-likelihood estimator modified from Paxman (1963) that assumes equally frequent S phenotypes (isoplethy) within panmictic populations making it suitable for SSI systems with S allele dominance:
. Minimum and maximum observations and estimates of population S allele number were obtained by alternatively counting incompletely cross-classified S alleles within samples ("new0" alleles) as all being the same or distinct, respectively. Estimates of S allele number for each taxon and all taxa combined were also made, assuming that there was no population structure at the S locus at these taxonomic levels. Several SSI characteristics were summarized for separate sample populations, samples representing each taxon combined, and all Sicilian Senecio samples combined. These included (1) the number of individuals phenotyped, (2) the number of observed S alleles, (3) the minimum number of distinct S alleles (incompatibility blocks) assuming all incompletely cross-classified S alleles are the same, (4) the maximum number of distinct S alleles assuming all incompletely cross classified S alleles are distinct, (5) the minimum estimated population S allele number, (6) the maximum estimated population S allele number, (7) the percentage of S alleles exhibiting dominance interactions, and (8) mean percentage mate availability (mean compatibility between sample individuals based on assigned S allele phenotypes). To facilitate direct comparison between the taxa and provide 95% confidence intervals, median S allele numbers, percentage S allele dominance interactions, and percentage mate availability for each taxon were calculated for 1000 bootstrap samples of observed S locus genotypes to a common sample size of 28, corresponding to the smallest sample size of Sicilian hybrid individuals.
GENOTYPING OF SSRS
Genomic DNA was extracted from fresh young leaf tissue from 256 individuals from 14 sample populations representing each of the four taxa using the CTAB extraction protocol of Comes et al. (1997) . Previously published microsatellites (SSRs) for these Senecio species (Liu et al. 2004) were screened for amplification across all taxa, resulting in seven loci: S2, S10, S13, S20, S26, V44, and V45, that could be clearly genotyped across all sample individuals. PCR was performed using FAM and VIC fluorescent labeled forward primers and unlabelled reverse primers under optimized conditions (Table S1 ). PCR products were run on an ABI 3730 capillary sequencer (Geneservice Ltd., Biochemistry Dept., Oxford, UK) and genotyped using GeneMarker v1.51 software (Softgenetics LLC, PA).
GENETIC DIVERSITY ANALYSIS OF THE S LOCUS AND SSRS
Genetic data for the S locus and SSRs were analyzed to obtain genetic diversity statistics including allele sample sizes, expected allele number, Shannon's diversity indices, expected heterozygosity, allelic richness, private allelic richness, genetic differentiation between population samples within species, and paired species genetic differentiation using GenAlEx v6.1 (Peakall and Smouse 2006) and HPrare v1.0 (Kalinowski 2005) software. Standardized genetic differentiation measures, that have the advantage of enabling unbiased comparisons between molecular genetic markers with very different numbers of alleles (Hedrick 2005) , were also calculated as the proportion of total possible allele differentiation when alleles in each population are re-scored as unique using GenAlEx v6.1 and RecodeData v0.1 (Meirmans 2006) software.
ESTIMATION OF THE FOUNDER EVENT ASSOCIATED WITH THE ORIGIN OF S. SQUALIDUS
A range for the number of parental or hybrid individuals contributing to the founder event associated with the origin of UK S. squalidus was estimated using bootstrap resampling of Sicilian Senecio S locus and SSR genotype data assuming no changes in genetic diversity in either Sicilian Senecio or UK S. squalidus since the founder event. Genotypic data of different sample population combinations representing different hypotheses for the initial introduced progenitors of UK S. squalidus including: Sicilian hybrids; equal numbers of each parental species, and all Sicilian sample populations, were bootstrap resampled 1000 times to different sample sizes from two to 28 individuals. Resampled median S allele numbers, mean numbers of SSR alleles per locus, and their 95% confidence intervals were then compared with the observed number of S alleles and the mean number of SSR alleles per locus in S. squalidus to identify a range for the number of founder individuals. Percentage S allele dominance interactions and mean mate availability were also measured for the resampled S phenotype analysis. The 95% confidence intervals of these statistics for likely numbers of founder individuals were compared with observed S. squalidus values to assess possible postcolonization changes.
ISOLATION BY DISTANCE ANALYSES OF THE
S LOCUS AND SSR LOCI
Isolation by distance of S locus and SSR loci diversity among Sicilian population samples was tested by Mantel partial regression tests with 9999 permutations using Genalex v6.1. Inclusion of sample populations representing both parental species and their hybrids in the same isolation by distance analysis is justified due to lack of postzygotic hybridization barriers between species and ongoing interspecific gene flow as evidenced by the presence of a natural hybrid zone. Paired-population genetic differentiation and standardized genetic differentiation was measured by analysis of molecular variance (AMOVA) with 9999 data permutations using Genalex v6.1 and RecodeData v0.1 (Meirmans 2006 geographic and altitudinal distance, isolation by distance tests were performed with three different paired population distance measures including Euclidean distances, difference in Euclidean distances from the peak of Mount Etna (coordinates N37.738, E15.000), and difference in altitude.
Results
F 1 HYBRID CROSS RESULTS
All crosses between one individual each of S. aethnensis, S. chrysanthemifolius, and S. squalidus were fully reciprocally compatible and produced many F 1 seeds. The F 1 progeny crosses ranged from incompatible to compatible. There was no evidence for direction of cross effects on the fertility of F 1 diallel crosses apart from a slight reduction in the proportion of fruit set observed for backcrosses involving the S. aethnensis × S. squalidus F 1 progeny (Fig. S1 ). Although not analyzed as part of this study, subsequent F 2 seed viability for all three paired-species hybrids was also high After considering a range of possible SI models, diallel cross results for the three F 1 progenies (Fig. S2) were best explained by a sporophytic S allele model with dominance interactions due to their approx. 2:1:1 compatibility group frequency ratios (Model C, Fig. 1 ). The most frequent parental incompatibility group corresponded to a dominantly expressed S allele. A dominance hierarchy of S alleles consisting of at least four dominance levels for both pistil and pollen expression was inferred when S alleles were cross-classified between the three diallels on the basis of shared parents (Fig. 2) .
STRENGTH OF SI
All S. aethnensis, S. chrysanthemifolius, Sicilian hybrids, and most S. squalidus sample populations showed strong SI expression with 0.57, 0.16, 0.14, and 0.53 mean self-fruits per capitulum, respectively (Fig. 3) . However, an exception was the Exeter S. squalidus population sample (Fig. 4) . The highly selfing Exeter sample was excluded from further crossing experiments to identify S allele diversity because the crossing methodology did not control for high selfing rates.
S ALLELE DIVERSITY ESTIMATION
Approximately 20,000 different crosses, including repeats, were conducted among 194 sample individuals from the 12 populations to identify and cross-classify the many S alleles identified withinand between-population samples (Tables 2 and S1 ). The three complete ordered diallels for S. aethnensis, S. chrysanthemifolius, and Sicilian hybrids identified 10, 12, and 12 distinct S alleles, respectively (Figs. 5-7) . In comparison, the complete S. squalidus Ox diallel from which S allele tester plants were chosen, consisted of just six distinct S alleles (Brennan et al. 2002) . Nine and 11 individuals from the S. aethnensis and S. chrysanthemifolius diallels, respectively, were used as S allele testers together with the six S. squalidus S testers in further partial diallel crosses of additional sample populations (Figs. S3-S11). The diallel used to cross-classify newly identified S alleles between population samples identified at least 40 distinct S alleles (Fig. 8) . Thus, at least 45 distinct S alleles were observed across all the samples included in this study: 40 fully cross-classified S alleles and five additional partially cross-classified S alleles from the M2 Sicilian hybrid diallel (Table 2) . Of these distinct S alleles, 45 were observed in Sicilian Senecio, whereas just seven were observed in UK S. squalidus. All Sicilian Senecio taxa, S. aethnensis, S. chrysanthemifolius, and their hybrids with: 25-33; 24-27; and 19-29 S alleles, respectively, were more diverse than S. squalidus with just seven S alleles (Table 2 ). Differences in S allele diversity between Sicilian Senecio and S. squalidus were even greater for maximum likelihood estimates of the total numbers of S alleles per taxon (7, 30-49, 27-32, and 22-48 S alleles in S. squalidus, S. aethnensis, S. chrysanthemifolius, and Sicilian hybrids, respectively; Table 2 ). In contrast, both the percentage S allele dominance and percentage mate availability were high across all tested taxa (64.9-79.7% and 85.7 -96.0% S allele dominance and mate availability, respectively; Table 2 ). Resampling to control for different sample sizes resulted in similar conclusions-S. squalidus had significantly fewer S alleles but similarly frequent S allele dominance interactions and high mate availability compared to Sicilian Senecio (Fig. 9) .
Distinctive differences in the frequency distributions of S alleles within and between sample populations were also evident when comparing taxa. Comparisons of the observed frequencies of S alleles across sample populations of each taxon showed that S alleles in S. squalidus occurred at higher frequencies than Sicilian Senecio taxa (Fig. 10a) . There was also a pattern that more S alleles were observed to be present in multiple sample populations for S. squalidus relative to Sicilian Senecio taxa (Fig. 10b) .
GENETIC DIVERSITY ANALYSIS COMPARING THE S
LOCUS AND SSRS
Summary molecular genetic diversity values for SSRs and the S locus showed that S. squalidus is less genetically diverse and more genetically differentiated from its Sicilian relatives (Tables  3 and 4) . Comparisons between SSR and S locus data highlight greater genetic diversity and reduced genetic differentiation present at the S locus relative to microsatellite loci. Part of the additional genetic diversity at the S locus is due to the presence of more taxon-specific S alleles as indicated by larger private allelic richness and larger standardized genetic differentiation measures.
THE FOUNDER EVENT ASSOCIATED WITH THE
ORIGIN OF S. SQUALIDUS
Bootstrap resampling of S locus and SSR loci genotype data from different combinations of Sicilian sample populations found that only five to 10 distinct individuals were most likely introduced to the UK (Fig. 11) . Results for Sicilian hybrids only, equal numbers of S. aethnensis and S. chrysanthemifolius individuals, or all Sicilian samples combined were similar, so only the analysis of parental sample populations is presented. This estimated range for the number of founding individuals, was used in turn to estimate 95% confidence interval ranges of 33.3 -100.0% S allele dominance interactions and 50.0 -95.0% mean mate availability in the small founding population (Fig. S12) . Observed S allele dominance interactions of 79.7% and mean mate availability of 85.7%, in UK S. squalidus were at the higher end of the estimated founder population ranges.
ISOLATION BY DISTANCE AT THE S LOCUS AND SSR
LOCI
Significant isolation by distance across the hybrid zone was found for SSR analyses using, differences in distances from the central peak and altitude (Fig. 12) . No isolation by distance was observed when the geographic distributions of taxa around the volcano were ignored. This is potential evidence for greater effective migration at the S locus subject to balancing selection compared to neutral SSRs. However, while not showing a consistent relationship with physical paired-population distances, standardized paired-population S locus genetic distance measures were frequently large. This effect is probably due to a few shared S alleles for some paired population combinations indicating sample size limitations due to high S allele polymorphism. Thus, evidence for different rates of gene flow between different marker types should be interpreted cautiously. . Table 2 .
Discussion
Continued
Allele/Popn. backcross direction indicating that postzygotic reproductive barriers will not bias the direction of gene flow across the hybrid zone in nature.
The F 1 progeny diallels show that the SSI system of the three closely related Senecio species remains fully functional in hybrids and could be best explained by a sporophytic model with dominance interactions (Fig. 1) . Combining information for all three progeny diallels provided an S allele dominance hierarchy across all three Senecio species consisting of four dominance levels (Fig. 2) . Interestingly, S allele dominance levels represented by the different parental species were fully intercalated with the S. chrysanthemifolius allele exhibiting overall dominance, followed by the S. squalidus allele, the S. aethnensis allele, and then a recessive class consisting of recessive S alleles from all three parental plants (Fig. 2) .
STRENGTH OF SI
SI was strongly expressed across all Sicilian Senecio taxa with the majority of individuals showing no self-fruits or low mean self-fruits per capitulum (Figs. 3 and 4) . Mean self-fruits per capitulum for all S. squalidus sample populations combined was larger and more variable than for Sicilian Senecio taxa, suggesting a reduction in the strength of SI in S. squalidus. However, comparisons of the strength of SI including or excluding the atypical highly selfing Exeter population indicated that this sample population was responsible for most of the differences in strength of SI between S. squalidus and Sicilian Senecio (Figs. 3 and 4) . The Exeter S. squalidus population sample most likely represents a local breakdown of SI similar to that observed for some populations of A. lyrata (Mable et al. 2005) and Leavenworthia alabamica (Busch et al. 2011 populations have retained strongly expressed SI, in agreement with previous results (Brennan et al. 2002 (Brennan et al. , 2006 , showing that, across much of the UK, S. squalidus has inherited and maintained the strongly expressed SI system typical of its progenitors from Sicily.
S ALLELE DIVERSITY IN HYBRIDIZING SENECIO
SPECIES
To date, few other studies have examined SI and S allele behavior in multiple closely related species and these studies have been confined to domesticated crop systems that are far from mating system equilibrium (Kimura et al. 2002; Sato et al. 2003) or are based primarily on sequence data without confirmatory tests of S allele function Joly and Schoen 2011) . A notable exception is a recent study of A. kamchatica (an allotetraploid species derived from A. halleri and A. lyrata), which showed that orthologous S alleles from both parent species were functional in interspecific crosses (Tsuchimatsu et al. 2012 ). In the absence of similar S locus sequence data, our study in Senecio represents a novel functional study of SI and S allele diversity across closely related and hybridizing wild species and provides new insights into how SI systems function at the interspecific level.
Each of the Senecio taxa on Mount Etna, including hybrids, were found to contain a high diversity of distinct S alleles in terms of observed numbers of S alleles per sample and estimated numbers of S alleles per population. Across all samples, between 45 and 69 distinct S alleles were observed, with 25-33, 24-27, and 19-29 S alleles in S. aethnensis, S. chrysanthemifolius, and their hybrids, respectively (Table 2 ). Large numbers of S alleles are expected for SSI systems at equilibrium due to frequency-dependent balancing selection (Wright 1939; Schierup et al. 1997) and S allele surveys typically find 20-60 distinct S alleles in wild plant species with SSI (Lawrence 2000; Busch et al. 2012) . Strong isolation between populations, such as occurs between partially isolated species, is predicted to allow the accumulation of even larger total numbers of S alleles at equilibrium compared to equivalently sized panmictic populations (Wright 1939; Schierup et al. 2000; Castric et al. 2008) . Consistent with high S allele diversity and balancing selection, S alleles were typically observed at low frequencies (below 5%) across Sicilian Senecio samples, because many S alleles were observed just once in a single sample (Fig. 10) . High diversity at the S locus was even more evident in comparisons with SSRs that are probably selectively neutral. All summary molecular genetic diversity statistics indicated that the S locus was considerably more diverse than SSR loci (Tables 3  and 4 ).
S ALLELE DIVERSITY AND THE INVASIVE ORIGIN OF
S. SQUALIDUS
Our results are consistent with a genetic bottleneck associated with long distance dispersal to the UK rather than hybridization barriers between Sicilian Senecio taxa being responsible for the unusual SSI system of S. squalidus, characterized by few S alleles. In accordance with previous studies (Brennan et al. 2006) , no more than seven S alleles were observed in samples of S. squalidus, contrasting with observations of between 19 and 33 S alleles observed within each Sicilian Senecio taxon (Table 2) . This large difference in S allele diversity between S. squalidus and its Sicilian relatives holds true after resampling to control for sample size differences (Fig. 9 ). This study therefore confirms the hypothesis that the ancestors of UK S. squalidus experienced a severe population bottleneck (associated with its introduction to and colonization of the UK) compared to Sicilian Senecio, whose recent population histories have been less extreme. Further, it is clear that hybridization did not contribute to low S allele numbers in S. squalidus because there is little evidence for postzygotic hybridization barriers between S. aethnensis and S. chrysanthemifolius and large numbers of S alleles are present in Sicilian Senecio hybrids that have not experienced such a population bottleneck. Neutral SSRs also show reduced genetic diversity in S. squalidus relative to Sicilian Senecio taxa (Table 3) giving further evidence of a bottleneck. Nonetheless, the S locus still shows greater genetic diversity than SSR loci in S. squalidus, reflecting the power of strong negative frequency-dependent balancing selection maintaining S locus diversity through a population bottleneck (Table 3 ). All six S. squalidus alleles that were fully cross-classified between population samples were also found among the Sicilian Senecio samples ( Table 2 ). The absence of unique S alleles in S. squalidus is expected given the relatively recent isolation of S. squalidus from Sicilian Senecio just 300 generations ago and the slow rate of evolution of new S allele specificities (Uyenoyama et al. 2001; Chookajorn et al. 2004; Schierup and Vekemans 2008) . Identification of a set of functionally equivalent S alleles across different species presents valuable experimental resources to test the effects of strongly contrasting population demographic histories on SI features, such as strength of S allele specificity or extent of S locus associated genetic load (Uyenoyama 2003; Stone 2004; Schierup and Vekemans 2008) .
Simulations of the founder event by resampling small numbers of individuals from Sicilian sample populations found that the observed difference in S locus and SSR genetic diversity was most likely due to the introduction of only five to 10 distinct progenitor individuals (Fig. 11) . This analysis does not take account of possible changes in genetic diversity in either Sicilian Senecio or UK S. squalidus since the introduction event, which may be particularly relevant in early small populations of S. squalidus exposed to genetic erosion through genetic drift. However, strong balancing selection among the reduced subset of S alleles introduced to the UK has probably protected the S locus from much post-introduction loss of diversity, reflecting an advantage of using two complementary marker types in this analysis. More detailed simulation studies of S. squalidus that incorporate various introduction and subsequent colonization demographic scenarios to determine their impact on genetic diversity and differentiation are treated elsewhere (Barker et al. in revision) . Brennan et al. (2006) proposed that extensive dominance interactions across different S genotype combinations might have evolved recently in S. squalidus as a means of maintaining mate availability following introduction and colonization. This hypothesis was proposed to explain observations of relatively few S alleles showing highly frequent dominance interactions and observations of the same pairs of S alleles expressing different dominance interactions in different populations. Elevated S allele dominance interactions increases mate availability by concealing the effects of recessively interacting S alleles, an effect that is most pronounced in the presence of few S alleles (Byers and Meagher 1992; Vekemans et al. 1998; Billiard et al. 2007 ) Recently, theoretical studies have further defined the demographic and genetic conditions that promote that evolution of S allele dominance in SSI systems and find that its evolution should be widespread (Llaurens et al. 2009; Schoen and Busch 2009 ). However, resampling tests showed that, while S. squalidus was observed to have the highest percentage S allele dominance interactions at 80.6%, other Senecio taxa also had high values ranging from 63.9% to 70.8% (Fig. 9) . Despite its low number of S alleles, S. squalidus' extensive S allele dominance interactions result in it displaying just a small reduction in mate availability relative to its Sicilian relatives (78.8% vs. 87.7% to 89.8%, respectively; Fig. 9 ). Thus, highly frequent S allele dominance interactions, that allow high mate availability even in the presence of relatively few S alleles, appears to be a preexisting feature of the Senecio SSI mating system that has helped to maintain strongly expressed SSI in S. squalidus. However, this does not rule out the possibility of post-introduction selection to maximize S allele dominance interactions in S. squalidus because contemporary S allele dominance interactions are at the high end of the range of S dominance levels generated by the resampling analysis simulating a very small number of founder individuals (Fig. S3 ).
INTROGRESSION AND ISOLATION BY DISTANCE
Balancing selection at the S locus is expected to increase effective migration within and between populations and so generate a signal of reduced spatial genetic structure relative to unlinked genetic diversity (Schierup et al. 2000; Muirhead 2001; Cartwright 2009; Leducq et al. 2011) . The same process of frequency-dependent selection at the S locus that promotes gene flow between populations within a species should also promote enhanced gene flow at the S locus between hybridizing species Schierup and Vekemans 2008; Joly and Schoen 2012) . Theoretical studies suggest that the greatest difference in spatial genetic structure between the S locus and unlinked marker loci is expected under conditions of restricted dispersal, small numbers of S alleles, and relatively isolated populations (Leducq et al. 2011 ). Many of these conditions are likely to hold for populations of Senecio across the hybrid zone on Mount Etna. Functionally equivalent S alleles were frequently observed in two or more Senecio taxa (Table 2 ) and nonstandardized genetic differentiation measures were typically lower for the S locus than SSRs (Tables 3  and 4) . Isolation by distance tests also failed to find evidence of genetic structure at the S locus across sampled Sicilian Senecio populations in contrast to the strong genetic structure found for SSRs in tests that took account of species distributions (Fig. 12) . These findings are compatible with balancing selection promoting enhanced introgression at the S locus compared to other parts of the genome across the Senecio hybrid zone. However, part of the difference in the isolation by distance signal detected by SSR and S locus analyses might be due to greater variance in paired population genetic distances due to insufficient sampling of the highly diverse S locus. Dominance interactions might also contribute to differences in interspecific gene flow between different S alleles. Enhanced gene flow is predicted for highly dominant S alleles relative to more recessive S alleles, because dominant S alleles are expressed and exposed to negative frequency-dependent balancing selection even when initially present at low frequency soon after arrival in new populations (Schierup et al. 1997; Billiard et al. 2007 ). However, more recessively expressed S alleles are predicted to reach higher equilibrium S allele frequencies under selection for equal S allele phenotypes, thus making them more robust to loss by drift within populations (Vekemans et al. 1998; Billiard et al. 2007 ). To date, few empirical studies have investigated the extent to which these contrasting demographic and mating system processes interact to determine differences in the distribution across populations of S alleles with contrasting dominance interactions (Glémin et al. 2005; Llaurens et al. 2008; Edh et al. 2009 ). The aforementioned studies have noted the presence of widespread recessive S alleles. The complete hierarchy of S allele dominance interactions is still poorly resolved for Senecio but among the six S. squalidus S alleles for which this has been determined, allele S1 (referred to as allele 1 in Table 2 ) was most recessive (Brennan et al. 2011 ). In our survey of S allele diversity in Sicilian Senecio and UK S. squalidus, the same recessive S1 allele is striking for its presence in all taxa and in 11 of the 12 sample populations (Table 2) .
Conclusions
The range of species whose SI systems can be efficiently studied by directly studying nucleotide sequence polymorphisms at S locus genes is still limited to a few plant families whose S genes have been identified. There is an ongoing need to identify the genes that control SI in a greater range of plant families to better understand which features of SI result from constraints particular to different molecular bases of SI and which features are primarily due to selective forces such as balancing selection. This is especially true for SSI where just a single system, that found in the Brassicaceae, has been characterized at a molecular level. This mechanism of SSI is not shared by the Asteraceae or the Convolvulaceae (Allen et al. 2011 ) so it is difficult to make generalizations about, for instance the molecular basis of dominance (Goubet et al. 2011 ), and other molecular genetic characteristics of SSI more widely. Rapid advances in sequencing technologies will increase the rate of discovery of S genes in more SI systems and pave the way for a more holistic appreciation of the molecular diversity of SI. However, at present our study shows how classical controlled crossing studies that are sufficient in scale can be applied to investigate as yet uncharacterized SI systems in a greater range of species of particular ecological or evolutionary interest. Our study therefore presents a rare study of SI and S locus diversity across incompletely reproductively isolated species allowing tests of predictions about the population genetics of SI at this taxonomic level. The importance of past population history in determining SI features, including strength of SI expression, S allele number, and mate availability, is emphasized in the contrasting SSI features of Sicilian Senecio and their invasive hybrid derivative, S. squalidus. We recommend that, where possible, demographic history should always be taken into account in interpreting empirical data on SI because mating system equilibrium recovers very slowly following population changes. This study also supports theoretical predictions regarding interactions between SI and interspecific hybridization. Hybridizing species with SI tend to share S alleles from an overall highly diverse pool of S alleles, and effective gene flow is enhanced at the S locus. Negative frequency-dependent balancing selection at the S locus is a potentially important force promoting hybridization and gene flow between species that share a common SI system. An important consequence of hybridization between species with SI could be to promote the evolution and accumulation of S allele diversity, because of both greater overall population size and strong population structure across partially reproductively linked species. Alternatively, hybridization promoted by SI could accelerate population convergence and loss of distinctiveness following secondary contact between species. The population genetic consequences of hybridizing contact between species with SI have important implications for the conservation and invasion biology of plant species that merit further research.
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